mance of this 'double-band' configuration was studied briefly duing the 1990.91 running period and will be described in a future publication.
A description of the Fermilab E687 Spectrometer utilizing this photon beam facility has recently been published [2] . 1 Description, Yields, and Backgrounds
At a proton accelerator, photons are derived indirectly from the strong interactions. One must solve two problems in order to make B clean photon beam:
first, one must collect particles produced ova a wide range of momenta and angles to form the beam; second, one must remove all the unwanted particles which arc produced together with the photons. The unwanted particles include charged hadrons, r+, r-, K+, K-, p, and p, as well as neutral particles such as neutrons and Kg's,
The photon beam is produced by the conventional "bremsstrahlung method"
[3, 41 a.5 follows:
1. 800 GeVfc protons interact in a target, the "primary production target".
Neutral pions are created and decay into two photons. Immediately downstream of the target, sweeping magnets remove all the charged particles.
The photons emerge from the target box at cero degrees.
2. The photons then interact with a lead foil, the "converter", where they produce electron-positron pairs.
3. The electrons arc then captured by a conventional beam transport consisting of dipole magnets and quadrupoles and arc bent away from zero degrees. Neutral hadrons, neutrons and Kg's, along with unconverted photons, travel forward at eeru angle and are absorbed in a "neutral dump".
4. The electron beam is transported around the dump, refocussed, and passed through a thin lead foil, the "radiator", to produce photons by bremsstrahlung. The electrons are then deflected off to the side by dipole magnets, the "electron sweepers", and into a dump, the "electron dump", while the photons pass straight ahead to the experimental target. The photons produced by this method emerge from a chain of three interactions and one decay process: the primary interaction produces a x0 which then decays into two photons; a conversion of one of the photons to an electronpositron pair; and the bremsstrahlung of the electron to a photon and an electron. The #' decay, the pair conversion and the bremsstrahlung interaction, all degrade the final energy of the photon which emerges from the end of the chain. The photon beam is thus a tertiary beam and it is difficult, using this method, to achieve high intensity, especially at high photon energies. The advantage of this technique, however, is that it is relatively free from hadronic background compared to other methods. This is discussed in more detail below.
In order to achieve intense beams of high energy photons, it is crucial to collect electrons emerging from the converter over a very large range of angles and momenta. Since the electrons arc charged, they may be collected by quadrupoles. It is possible to achieve large angular acceptance in this kind of beam while achieving a reasonably small beam spot on the experimental target. In the upstream part of the beam, there is a flux-gathering symmetric quadrupole triplet, consisting of standard Fermilab '44120' magnets [6] , which have 4 inch apertures.
The field gradients are chosen to focus the low momentum components at the momentum slit in the middle of the double dogleg both vertically and horizontally.
The high momentum components are not well focussed and are essentially parallel near the center of the dogleg. At the downstream end of the beam, another symmetric quadrupole triplet of 4Ql20 magnets images both the highest and lowest momentum components of the beam onto the experimental target. Thus, in conventional terms, the beam is a 'two-stage' beam or 'point-to-point-to-point' for the low momentum components but is a 'one stage beam' with 'point-to-parallel-to-point' optics for the higher momentum components.
The intermediate momentum components are not completely refocussed at the target of the experiment. It is obvious that, while this arrange- The method by which the optics is arranged to achieve both large momentum and angle acceptance has been explained.
Additional parameters, such as the material and thickness of the production target, the converter, and the radiator, influence the final photon flux that can be achieved. Each has an 'optimum' value. One cannot make the production target too long because photons can convert as they travel from the production point to the end of the target. The converter cannot be made too thick because the electrons radiate energy via bremsstrahlung as they travel through the radiator from the production point.
Increasing the converter beyond a certain thickness will produce more electrons but will soften the energy spectrum. The result is a reduction in the number of the relatively higher energy range of the photon spectrum. Finally, if the radiator is made too thick, many of the electrons give rise to more than one photon. This can make the interpretation of the events more difficult and can create rate problems in the detectors of the experiment.
A full calculation of the flux must include all these effects and is carried out by Monte Carlo techniques.
Based on the Monte Carlo calculation, the production target is chosen to be lgin. of beryllium and the converter is chosen to be 50% of a radiation length of lead. The radiator is chosen to be 20% of a radiation length oflead, based on studies of the effect ofmultiple bremsstrahlung on the performance of the experimental apparatus, especially of the microstrip detector. Table 2 : Tagging Counter Specifications. The lead is stiffened with 6 % Sb by weight. The vertical (non-bend) size of the RESH counters is 6 in. The RESH 10 aperture is limited by the tagging magnet vacuum chamber wall.
tified by a large ratio of energy deposition to momentum (E/p) in this RESH hodoscope. Multiple bremsstrahlung may occur in the radiator. Typically, only one photon interacts in the experimental target. The sum of the energies of any non-interacting photons produced by that given electron is measured in a aerodegree shower counter, the Beam Gamma Monitor (BGM), located towards the end of the spectrometer. The physical properties of these detectors are given in Table 2 . The photon energy is calculated, on an event-by-event basis, from the following formula:
where:
is the incident electron energy, 350 GeV 150 GeV (CT). In the absence of measurement of the beam energy on an event-by-event basis, the incident electron is defined to have the nominal 350 GeV beam energy. is the energy of the electron after radiation loss as measured in the magnetic spectrometer and RESH hodoscope.
is the energy of the photon interacting in the experimental target producing the hadronic event detected in the E-687 spectrometer.
is the sum of the energies of any additional multiple bremsstrahlung photons produced by the electron in the radiator (and either not interacting in experimental target 07 pair producing with the efepairs refocused into the BGM counter).
Then, kint,,a.rinp = Eo -E' -C k.d.wonol. A second major concern is the multiple bremsstrahlung in the thick radiator.
Under most running conditions, a 0.20 Xo Pb radiator is used. There is an additional 0.07 X0 effective radiator due to nearby beam monitoring scintillation counters and titanium vacuum windows. Therefore, the total effective radiator is 0.27 X0.
Hardware
The magnetic field which bends the radiated electron is generated by six dipole magnets which were prototypes for the Fermilab Anti-proton Accumulator Ring [8] . They produce a I Bdl of 89.5 kilogauss-meters at an operating current of 1190 amperes.
The distance from the effective bend point to the Figure 5 : Typical RESH counter pulse height spectrum with discriminator and coincidence register set. 
Performance
Photon tagging system performance data are taken during dedicated runs where either en electron beam is taken directly to the BGM counter or a photon beam is used with a simple charged particle trigger with the spectrometer analyzing magnets OFF to allow converted pairs to strike the BGM. During these photon calibration runs, the energy deposited in BGM is technically the energy loss of the electron, AE = Eo-E', which could be comprised of multiple photons. This allowes cross calibration and monitoring of the RESH and BGM systems. Figure 6 shows the electron beam energy distribution measured calorimetrically in the BGM shower counter. The photon beam energy distribution is shown in Fig. 7 , for a 0.27 X,, effective radiator. There is no requirement of a RESH tag in this spectrum. The spectrum shape, with the BGM energy scale set by the 350 GeV electrons, is fitted with the form:
where q is the total energy of all the photons radiated. In this empirical fit, the l/qterm reproduces the shape of the thick radiator energy loss spectrum in a Monte Carlo simulation, while the remaining terms produce an easy parametrization of a lypical cut off due to the finite energy distribution of the electron beam. Fitted values are given in Table 4 .
As can be seen from the fit parameter ernd, there is a slight difference in the Table 4 : Fit parameters for the energy loss spectrum, with BGM gain set using 350 GeV eleclrons. a = 0.73 f 0.02 =.ncl = 398 GeV zt 3 GeV, the endpoint of the photon spectrum, related to the incident electron beam energy X = 28 GeV i 1 GeV, the incident electron energy spread.
Energy Las* spcetrum (unbiarcll) Energy Loss spectrum > 90 CC" 3w An important problem occurs due to second order processes in the thick radiator. Some of the photons produced can be re-converted into e+e-pairs within the radiator.
This will either result in the loss of photons that would otherwise strike the experimental target, leading to a mis-measured flux, or produce "false tags". These false tags can be generated when an incident electron suffers only a small energy loss within the radiator. with a spacing between successive buckets of 18.8 nsec. Because of the high rate, the jitter of the detector pulses with respect to any latching strobe must be kept as small as possible. For this reason, the read out electronics are placed close to the detector to avoid long transmission lines for the 1260 channels.
The trigger from the E667 spectrometer is formed in the counting KKZ~ and is available at the detector site about 2.5 ~~sec after the beam particle crossed the detector. This means that the readout must store data in a pipeline at least 2.5 ~sec long so that it will have the right data when a trigger comes.
The principle of the readout and its timing is illustrated in Figure 13 . The beam particles have a constant phase with respect to the accelerator RF. This phase is smeared by a few nsec by the jitter introduced by the detectorpreamplifier-discriminator chain. The particle signals, RF/data from the discriminator, arc sent to a shift register continuously clocked by the accelerator RF. When a trigger is accepted, a stop signal, RF/stop, is sent from the counting room to the system in the beam line to stop the shift register. Since the trigger decision time is constant, the delay between the discriminator pulse at the input of the shift register and the stop signal is also constant.
The beam particle signals corresponding to the trigger are extracted from the memories by reading the proper cell in the shift register at a fixed offset from the stop.
The critical timings of the system are:
1) The RF/data timing: due to the jitter and to incorrect timing, the real hits could be randomly latched in two consecutive time cells of the shift register.
2) The RF/stop timing: due to incorrect timing, the shift register could be randomly stopped with a fl cell ambiguity.
Electronics
To minimize the jitter of the data being written into the memories with respect to the RF, fast current preamplifiers with a rise time of less than 10 nsec are used. These axe realized on thick film circuits and have a bipolar input transistor.
The noise FWHM is equivalent to 18 KeV in silicon with the detector connected, for a signal-to-noise ratio of 11.
Threshold discriminators with an independent CAMAC programmable threshold for each channel are employed. The output signal from these discriminators is as wide as the RF period. This is to eliminate the possibility of latching the same signal in more than one memory location once the RF/data timing has been properly set. There is also (L 60 nsec protection dead time to prevent the discriminator from being triggered twice by the same particle signal. The data readout is started approximately 50 nsec after the stop arrival.
There is a daisy chain connecting the 8 memories in the same plane with a 32 bit data bus to the relative termination unit and the 5 termination units in the system, one per plane. The first termination unit is the master and it is connected to the E687 Fastbus DAQ. While data are being read out, they are also stored inside the relative termination unit and can be accessed via CAMAC.
The read-out rate is 5 MHz for 32 bit words and the total read-out time for 1280 channels is 8 psec. As soon as the readout is been completed, the read return signal from the last memory restarts the system.
Performance
In Figure 14 , electron beam profiles demonstrate that the system is properly set.
The system is aligned geometrically by turning off the bending magnets and taking undeflected electrons and positrons.
The absolute momentum scale is calibrated by using the main E687 spectrometer where the momentum analysis is done with two 1. energy.
Efficiency studies are done for each strip using tracks within the acceptance.
The average efficiency per plane is about 98% taking into account dead electronics channels and disconnected strips.
Electron Beam Energy Spectrum
A typical electron beam energy spectrum measured with the beam momentum tagging spectrometer is shown in Figure 16 . This spectrum was taken using electrons under the slightly different 'double-band'beam optics configuration [ll] with an average electron momentum setting of 320 GeVfc during the 1990-91 running periods.
Improvement to Primary Target
After the first run of E667, it became clear that the experiment could handle more photons than the beam could provide. In the initial beam design, beryllium was chosen as the production target because it was simple to implement. After the first run, there was a comparative study with targets composed of beryllium, deuterium, and lithium. The highest photon yield is obtained when the greatest number of primary protons interact in the target, producing neutral pions which in turn decay to two photons.
The photons can convert to e+e-pairs as they pass thru the target. Therefore, the target material should have the smallest possible ratio of radiation length to interaction length.
There are three important factors which affect the photon yield. First and foremost is the ratio of interaction length, X, to the radiation length, X0 of the target material. Second is the "A" dependence as a function of xf [lZ] . Per nucleon, there are more high -XJ pious produced in light nuclei than in heavier nuclei. Third is the beamline acceptance. When a longer target, such BS a liquid with cryostat, is used, its centerline must be placed slightly farther from the first quadrupoles, which reduces the acceptance of the beam. 
